A B S T R A C T Previous studies from our laboratory have demonstrated that dietary intake affects the sympathetic nervous system (SNS); carbohydrate intake, in particular, has been shown to stimulate sympathetic activity. The present studies were undertaken to characterize the effect of dietary fat on SNS activity in the rat. Sympathetic activity was assessed by measurement of norepinephrine (NE) turnover in heart, interscapular brown adipose tissue (IBAT), and pancreas and by excretion of NE in the urine. When fed a fatenriched diet (50% chow, 50% lard), fractional NE turnover in heart (k) increased from 6.3±0.6% h in ad lib. fed controls to 14.7±1.3% h in the high-fat group (P < 0.001); calculated NE turnover rate increased from 24.5±2.4 ng/heart per h to 36.8±3.5 (P < 0.05). Urinary NE excretion more than doubled after 6 d of the same high fat diet (P < 0.001). Ganglionic blockade produced a greater effect on NE turnover in fat-fed, as compared with chow-fed animals, consistent with increased sympathetic activity in the fat-fed group. When fat absorption was blocked with a bile acid binding resin (cholestyramine), the same high-fat diet did not increase cardiac NE turnover, indicating that fat absorption is required for the stimulatory effect on sympathetic activity. In another series of experiments, in which chow (and hence protein) intake was held constant, the effect of fat and isocaloric sucrose supplements on NE turnover was assessed in heart, IBAT, and pancreas. The caloric value of the supplements was 50, 100, and 335% of the chow in the different experiments. An effect of fat on NE turnover in heart and IBAT was demonstrable at the lowest level of fat supplement. Fat increased pancreatic NE turnover when added in amounts sufficient to double the caloric Presented in part before the American Federation for Clinical Research and published in abstract form (Clin. Res., 1982, 30:247A).
INTRODUCTION
Studies from our laboratory have demonstrated that dietary intake exerts an important effect on sympathetic nervous system (SNS)' activity in the rat. Norepinephrine (NE) turnover techniques have shown that fasting suppresses SNS (1), whereas overfeeding sucrose has been shown to stimulate sympathetic activity in heart (2) and other tissues of the rat (3) . An important role for carbohydrates in the relationship *between dietary intake and SNS activity has been inferred from data indicating that hypoglycemia (4, 5) and 2-deoxy-D-glucose administration (6) suppress sympathetic activity, whereas hyperinsulinemia, in the absence of hypoglycemia, has a stimulatory effect (7, 8) . Little is known about the effects of noncarbohydrate nutrients on SNS activity. The demonstration that overfeeding mixed high-caloric diets with substantial fat content increases sympathetic activity (9) suggested that nutrients other than sucrose may influence the SNS as well. The studies described in this report were undertaken to assess the effect of dietary fat on sympathetic activity in the rat.
Sympathetic activity was estimated in heart, pancreas, and interscapular brown adipose tissue (IBAT) by the [3H]NE turnover technique (3, 10 3.7 kcal/g (manufacturer's estimate of "digestible" energy); sucrose, 4 .0 kcal/g; and lard, 9 .0 kcal/g. Pharmacologic agents. Chlorisondamine (Ecolid; CIBA Pharmaceutical Co., Summit, NJ) was dissolved in saline to a final concentration of 10 mg/ml and injected intraperitoneally at a dose of 15 (-50 MCi/ml) with isotonic saline and injected intravenously into the tail veins of unanesthetized rats, followed by a saline flush of 0.9-1.0 ml. At preselected times, four to six animals from each group within a given experiment were killed by cervical dislocation. The tissues were quickly removed, frozen on dry ice, and stored at -20°C for later processing (usually within 2 wk).
Extraction and isolation of catecholamines. The tissues were homogenized in ice-cold 0.4 N perchloric acid using a ground-glass homogenizer (Duall-Kontes Glass Co., Vineland, NJ), and centrifuged to separate the protein precipitate. NE was extracted from the perchloric acid supernatants by adsorption onto alumina previously purified by the method of Anton and Sayre (11) . To 2 ml of the perchloric acid supernatant were added 1. (13) . The calculated NE turnover rate was computed as the product of the fractional turnover rate (k) and the mean endogenous NE content [NE] . Standard errors and 95% confidence intervals for calculated turnover rates were estimated by a modification of propagation-of-errors analysis (14 
RESULTS
Effect of dietary fat on cardiac NE turnover. In the initial experiments, the effect of dietary fat and sucrose supplements on NE turnover in heart was assessed. 6 d before the experiment, a large group of animals was fed -25% of their normal dietary intake as powdered chow. 5 d before the experiment, the animals were divided into three groups: One continued to receive the restricted chow ration for the remainder of the experiment (control group); the second received the chow ration supplemented by sucrose to provide approximately a threefold increase in caloric content; the third group received the same chow ration supplemented with lard in an amount isocaloric to the sucrose supplement (Table I ). The experimental diets were continued for 5 d before and during the day of the turnover study. The effect of the sucrose and fat supplements on cardiac NE turnover is shown in Fig.  1 ; the data for the experiment are summarized in Table  I . Addition of both fat and sucrose to the chow ration substantially increased cardiac NE turnover. Both supplements produced a similar (threefold) elevation in fractional NE turnover in heart which increased from 4.1±0.8%/h in controls to 13 Hours FIGURE 1 Effect of fat and sucrose supplements on NE turnover in rat heart. Data are plotted as the mean±SEM for specific activity of hearts from four to six animals from each group at each time point. Open circles denote rats fed reduced-chow ration (control); closed circles, the sucrose-fed rats; and closed triangles, the fat-fed rats. The slope, k, of each turnover line is significant at P < 0.0001. Feeding protocol was as described in legend to NE level and the slope) was nonetheless significantly increased (-250%), as shown in Table I . This experiment demonstrates a definite and unequivocal effect of fat on cardiac NE turnover. Other data (not shown) indicate that an effect of fat on cardiac NE turnover is demonstrable during the first day of fat feeding. The effect of a fat-enriched diet on cardiac NE turnover in animals feeding ad lib. is shown in Fig. 2 . In this experiment, the control animals consumed a normal chow diet ad lib.; the experimental group consumed, also ad lib., a high-fat diet consisting of 50% chow and 50% lard (by weight) for 4 After the administration of tracer, half the animals from each group received the long-acting ganglionic blocking agent chlorisondamine. 10 h after the administration of tracer, the specific activity in control and fat-fed chlorisondamine-treated animals was similar (Fig. 3) ; since NE turnover was increased in fatfed animals (lower specific activity of NE in hearts of fat-fed control group), this represents a substantially greater effect on retention of [3H]NE in fat-fed as compared with control groups (281% increase in tracer Effect of cholestyramine-induced fat malabsorption on cardiac NE turnover in fat-fed rats. Although the experiments described above demonstrate an increase in SNS activity after fat feeding, the mechanisms involved are obscure. The fact that animals fed a fat-enriched diet ad lib. gained less weight than chow-fed controls (Table II) raised the possibility that diarrhea or malabsorption induced by the high-fat diet might activate the SNS in response to volume depletion or sequestration of extracellular fluid within the intestinal lumen. To distinguish the effect of fat in the gut from postabsorptive processes relating to fat metabolism, fat malabsorption was induced with cholestyramine, a bile acid binding resin, in both fat-fed and chow-fed animals. The rats in this experiment were divided into four groups: One group received chow only, the second group received chow containing cholestyramine (5% by weight), the third group received the high-fat diet consisting of chow and lard (50% by weight), and the fourth group received the high fat diet with cholestyramine. The animals ate their respective diets for 4 d before and including the day of the NE turnover study. The results are summarized in Table III and Fig. 5 . Cholestyramine-induced malabsorption was confirmed by the marked weight loss (10% of body weight) in the fat-fed group treated with the bile-acid binding resin. As in the previous experiments, animals fed the high-fat diet had a marked increase in cardiac NE turnover (Fig. 5 , Table III) . Fractional NE turnover increased from 9.3±0.9%/h in chow-fed animals to 18.7±1.3%/h in the fat fed group (P < 0.001). Cholestyramine treatment, which was without effect in the chow-fed rats, resulted in a marked suppression of SNS activity in animals fed the high-fat diet (fractional turnover 6.2±0.9% h), despite the presence of considerable fat malabsorption and steatorrhea (Fig. 5, Table III ). This experiment clearly demonstrates that fat within the gut cannot account for the increase in NE turnover demonstrated during fat feeding. The results demonstrate that absorption (and presumably metabolism) of the fat is required for fat-feeding to stimulate SNS activity.
Comparative effects offat and sucrose supplements on NE turnover in heart, IBAT, and pancreas. Additional experiments were performed to compare the effects of fat and sucrose on NE turnover in heart and other organs of interest. In the first experiment (Fig.  6 ), the effect of smaller supplements of sucrose and fat on NE turnover in heart, IBAT, and pancreas was studied. At the beginning of the experiment, animals were divided into three groups: control (chow only), sucrose supplemented, and fat supplemented. The sucrose and fat supplements were isocaloric and provided a 50% increase in caloric intake. Animals in all three groups were fed the same amount of chow, averaging -8 g/ 100 g body wt per d. The experimental diets were fed Data are presented as means±SEM. Animals were assigned to one of four treatment groups: chow, chow + cholestyramine (5% of diet by wt), fat (lard 50% of diet by wt), or fat + cholestyramine. Initial weights of animals in each group were similar. All animals ate the diet ad lib. for 4 d before and including the day of turnover study. Significant differences included the following. For k: chow vs. fat, P < 0.001; fat vs. fat cholestyramine, P < 0.0001. For endogenous NE content: chow vs. fat, P < 0.005; fat vs. fat-cholestyramine, P < 0.0001. For calculated NE turnover rate: fat vs. fat cholestyramine, P < 0.05. The amount of weight gained was significantly different in all the treatment groups (P < 0.01), as reflected in the final weight (initial weight averaged 120 g). Although caloric intake appeared lower in the fat-fed groups, the difference was not statistically significant. 5 Effect of fat malabsorption on cardiac NE turnover in fat-fed rats. Data are plotted as the mean±SEM for specific activity of hearts (four to five animals from each group at each time point). Circles denote chow-fed animals; triangles indicate fat feeding (50% by weight). Open symbols represent the control groups; closed symbols represent cholestyramine treated animals (5% by weight). Each group ate the respective diet ad lib. for 4 d before and including the turnover study. The slope k of each turnover line is significant at P < 0.0001. Statistical comparison of the slopes (k) is presented in the legend to Table III . Cholestyramine completely blocked the increase in cardiac NE turnover associated with the high-fat diet.
for 4 d before and including the day of the turnover study. NE turnover in heart and IBAT (Fig. 6) was significantly increased by both fat and sucrose. In heart, fractional turnover rate went from 5.4±0.7%/ h in control animals to 11.4±0.8%/h in the fat supplemented group (P < 0.0001) and to 11.1±1.1%/h in the sucrose-fed group (P < 0.001). Endogenous NE level was significantly reduced in heart by both fat and sucrose feeding from 533.4±19.2 ng to 429.0±15.1 ng in fat and to 450.0±26.4 ng in the sucrose group (P < 0.01 for both vs. control). Nonetheless, calculated NE turnover rates were significantly different from control in fat-and sucrose-fed groups with values of 28.5±8.5 ng/h in control compared with 48.9±8.3 ng/ h in fat fed and 50.1±12.4 ng/h in the sucrose supplemented animals (means±95% confidence intervals). In IBAT (Fig. 6 B) , fractional turnover rate was significantly increased by both fat and sucrose feeding from 7.8±1.0%/h in control animals to 11.7±0.9%/h in fat-fed (P = 0.005) and to 11.1±0.8%/h in the sucrose-fed animals (P < 0.02). Endogenous IBAT NE content was not changed significantly by fat or sucrose feeding. NE turnover in pancreas in the same study (not shown) revealed no significant change with fat or sucrose feeding. The effects of fat and sucrose on NE turnover in heart and IBAT were similar. This experiment demonstrates that modest supplements of sucrose and fat increase NE turnover in heart and IBAT and that isocaloric sucrose and fat supplements increase SNS activity to the same extent.
To ascertain the comparative effects of larger dietary supplements on NE turnover in these organs, a similar protocol was employed substituting a lower chow ration (-6 g/100 g body wt per day) and greater supplements of sucrose and fat, the latter representing, in this experiment, a 100% increase in caloric intake above that in chow-fed controls. In this experiment, both fat and sucrose increased NE turnover in heart and IBAT, as expected. In heart, fractional turnover (k) was increased by 78% in sucrose-fed animals and by 111% in animals fed the fat-supplemented diet; k in chow-fed controls was 3.83±5.4%/h, as compared with 6.81±0.82%/h in sucrose-fed rats (P < 0.005) and 8.07±0.92%/h in the fat-supplemented group (P < 0.005). Calculated turnover rates were similarly increased 52% in the sucrose-fed animals and 93% in the fat-fed group. There was no significant difference between the fat-fed and the sucrose-fed groups; in IBAT, fat and sucrose increased fractional NE turnover 92 and 113%, respectively, from a k value of 5.2±1.1%/ h in control animals to 10.2±0.9%/h in the fat fed group and to 11.3±1.2%/h in those receiving the sucrose supplement (P < 0.001 vs. control for each supplemented group). Calculated NE turnover rate was increased 60% in the fat-supplemented group and 115% in those fed sucrose. There was no difference between the fat-supplemented and the sucrose-supplemented group.
In pancreas, NE turnover was also significantly increased by the larger fat supplement (k = 5.8±0.9%/ h in control-fed; 9.0±0.9%/h in the fat-fed group, an increase of 55%; P = 0.016). Endogenous pancreatic NE was unchanged in the different diet groups (223±9 ng in control, 204.8±8 ng in fat-fed, and 232±9 ng in the sucrose-fed group). Calculated NE turnover was increased 89% in the fat-fed group. The sucrose-fed animals did not differ significantly from controls (k = 6.8±0.8%/h, P = NS). This experiment demonstrates a significant effect of fat feeding on pancreatic NE turnover at the higher level of fat consumption.
DISCUSSION
Diet-induced changes in SNS activity were first described in fasting (1) and sucrose-fed (2) rats in studies utilizing NE turnover techniques to measure sympathetic activity in different organs (9, 15 studies have clearly demonstrated that diet affects SNS activity in human subjects as well (7, (16) (17) (18) (19) (20) (21) . The effect of carbohydrates, particularly glucose and sucrose, has been studied most intensively; a stimulatory effect on the SNS in rats (2, 3, 22) and humans (18, 19, 23, 24) is generally recognized. Evidence in favor of central nervous system glucose metabolism in coupling changes in dietary intake with changes in SNS activity has been deduced from the observations that hypoglycemia (4, 5) and 2-deoxy-D-glucose (6) suppress sympathetic activity, whereas simultaneous infusions of insulin and glucose, which avoid hypoglycemia, stimulate the SNS (7, 8, 25) . The observation that overfeeding a mixed diet stimulates SNS activity in rats (9) and in human subjects (16) (3, 5) . The increase in urinary NE excretion, without an increase in E excretion is also evidence of SNS stimulation. The fact that the urinary NE did not return to the base-line level after restitution of normal diet for 4 d suggests either that the effect of fat on sympathetic activity is more prolonged than that of sucrose (22) 100 , and 335% of the calories provided as chow) indicates that fat and sucrose stimulate the SNS to the same extent. This is in distinction to acute-feeding studies in humans that demonstrate sympathetic activation with 400 kcal of glucose but not with fat (19) ; the relationship of these acute-feeding studies in man, however, to the present results in rats, is uncertain.
The mechanisms involved in stimulation of SNS activity by fat are not clear. The present study (Fig. 5 , Table III) demonstrates that the stimulatory effect of fat cannot be attributed to undigested lipid within the gut lumen. Fat malabsorption, induced by cholestyramine, completely blocked the stimulatory effect of fat on cardiac NE turnover. Similarly, differences in protein intake cannot explain the effect of dietary fat on sympathetic activity. Although chronic protein restriction (with isocaloric substitution of sucrose for casein) increases SNS activity (26) , diminished protein intake cannot explain the effect of fat demonstrated in the present studies, since dietary protein was the same (equal chow rations) in the fat-fed and control rats in the experiments described in Fig. 1 and Table  I and Fig. 6 .
Evidence in favor of central nervous system glucose metabolism, perhaps stimulated by insulin (7, 27) , has been advanced to explain the relationship between dietary intake and SNS activity. It seems unlikely that the effects of fat described here are explicable in terms of an insulin-glucose model, despite the fact that a recent report demonstrates that fat-feeding in the rat is associated with a modest increase in insulin level (28) . The involvement of other neural and hormonal mechanisms, perhaps related to vagal afferents from the liver or gut (29) , and perhaps involving cholecystokinin seems more likely. Cholecystokinin, as well as glucose, for example, has been shown to decrease afferent hepatic vagal discharge, effects opposite to those of 2-deoxy-D-glucose (29) . Different nutrients may, therefore, influence the SNS via different sets of signals that involve afferent neurons and circulating hormones.
The fact that fat stimulates SNS activity is consistent with the demonstrated effects of mixed diets on sympathetic activity in rats (9) and humans (20) . Although the physiologic significance of diet-induced changes in SNS activity is not entirely clear, a reasonable case has been made for an important role of the SNS in the regulation of energy expenditure as a function of dietary intake (30) , thus contributing to dietary thermogenesis. That fat increases sympathetic activity in rat IBAT, the major thermogenic organ in this species (31) , is consistent with participation of dietary fat in the stimulation of diet-induced thermogenesis.
